
A&A 621, L3 (2019)
https://doi.org/10.1051/0004-6361/201834622
c© ESO 2019

Astronomy
&Astrophysics

LETTER TO THE EDITOR

Extended stellar systems in the solar neighborhood

I. The tidal tails of the Hyades?,??

Stefan Meingast1 and João Alves1,2,3

1 Department of Astrophysics, University of Vienna, Türkenschanzstrasse 17, 1180 Wien, Austria
e-mail: stefan.meingast@univie.ac.at

2 Radcliffe Institute for Advanced Study, Harvard University, 10 Garden Street, Cambridge, MA 02138, USA
3 Data Science @ Uni Vienna, Faculty of Earth Sciences Geography and Astronomy, University of Vienna, Austria

Received 11 November 2018 / Accepted 29 November 2018

ABSTRACT

We report the discovery of two well-defined tidal tails emerging from the Hyades star cluster. The tails were detected in Gaia DR2 data
by selecting cluster members in the 3D galactocentric cylindrical velocity space. The robustness of our member selection is reinforced
by the fact that the sources depict an almost noiseless, coeval stellar main sequence in the observational Hertzsprung-Russel diagram.
The spatial arrangement of the selected members represents a highly flattened shape with respect to the direction of movement along
the clusters’ orbit in the Galaxy. The size of the entire structure, within the limits of the observations, measures about 200 pc in its
largest extent, while being only about 25 pc thick. This translates into an on-sky extent of well beyond 100 deg. Intriguingly, a top-
down view on the spatial distribution reveals a distinct S-shape, reminiscent of tidal tails that have been observed for globular clusters
and also of tails that were modeled for star clusters bound to the Galactic disk. Even more remarkable, the spatial arrangement as
well as the velocity dispersion of our source selection is in excellent agreement with previously published theoretical predictions for
the tidal tails of the Hyades. An investigation into observed signatures of equipartition of kinetic energy, that is, mass segregation,
remains unsuccessful, most likely because of the sensitivity limit for radial velocity measurements with Gaia.
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1. Introduction

The dynamical evolution of star clusters in tidal fields has seen
many important contributions over the past century (see, e.g.,
Bok 1934; Spitzer 1940; Terlevich 1987; Baumgardt & Makino
2003; and references therein). Following theoretical and numer-
ical approaches, clusters in galactic tidal fields become flat-
tened perpendicular to their direction of movement over time
and are also expected to develop so-called tidal tails. Unam-
biguous observational evidence for large-scale tidal tails has so
far only been found for globular clusters (e.g., Grillmair et al.
1995; Dehnen et al. 2004; Kaderali et al. 2018), with only some
observational evidence of flattened shapes of open clusters (e.g.,
Bergond et al. 2001; Dalessandro et al. 2015; Reino et al. 2018).
A clear detection of extended tidal tails for clusters bound to the
Galactic disk has so far been elusive.

The Hyades are the closest cluster to Earth (d ∼ 46 pc;
Perryman et al. 1998) and are a benchmark for stellar evolu-
tion, planet search, and cosmic distance ladder studies. The exis-
tence of tidal tails surrounding the Hyades cluster has long been
predicted as the outcome of Galactic tidal forces acting on the

? We acknowledge the simultaneous publication by Röser et al.
(2019), who also used Gaia DR2 to present evidence for the existence of
the Hyades’s tidal tails. The authors of both publications did not know
about each other’s work and arrived at their conclusions independently.
?? The catalog is only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/qcat?J/A+A/621/L3

cluster (e.g., Chumak et al. 2005; Chumak & Rastorguev 2006;
Ernst et al. 2011; Röser et al. 2011). In this Letter, we first iden-
tify members of the Hyades open cluster based on kinematic data
from Gaia data release 2 (hereinafter referred to as Gaia DR2;
Gaia Collaboration 2016, 2018b). Based on 3D velocity data, we
then present evidence for the existence of extended tidal tails
associated with the cluster. Moreover, we show that the spatial
distribution for stars in the tidal tails is in excellent agreement
with theoretical predictions.

2. Data

We used the six-dimensional position (α, δ,$) and velocity (µα,
µδ, rv) information from Gaia DR2 for the identification and
analysis of Hyades cluster members. To obtain distances (d)
from the measured parallaxes, we used the conversion as pub-
lished by Bailer-Jones et al. (2018). These distance estimates
are based on Bayesian inference and, generally speaking, use
a position-dependent prior for the probability distribution of the
distance along a particular line of sight. The mean difference
in our final sample (see below) between the statistically derived
distances and a straightforward 1/$ conversion amounts only
0.6 pc or about 0.4%, most of which originates in the global
parallax zero-point of $ZP = −0.029 mas (Gaia Collaboration
2018c).

As our intention is to identify sources associated with the
Hyades cluster, we limited our search to a maximum distance of
200 pc to the Sun. Without additional constraints, limiting the
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Fig. 1. Top row: positions of Hyades members in Galactic Cartesian coordinates. The X-axis points toward the Galactic center, Y is positive in the
direction of rotation in the Galaxy, and Z points to the Galactic poles (positive toward the north pole). The Sun is located at (0,0,0). While the fully
opaque blue points refer to our final member selection, the gray dots in the background represent all sources. Bottom row: velocity vectors for
the selected Hyades members in the Galactocentric cylindrical frame. The Sun’s position is indicated with the black circular symbol. The vector
lengths are proportional to the velocities, as indicated in the embedded legends.

database to d ≤ 200 pc leaves 1 730 451 sources in the cata-
log. As we require radial velocities to derive a full kinematical
description, our sample is further reduced to 359 911 sources.
In order to keep the error budget relatively small, we further-
more imposed the following quality criteria on our final sample:
σ$/$ < 0.1, σµα,δ/µα,δ < 0.1, σrv/rv < 0.1, and maxσ5D < 0.5.
Because of our distance limit, the criteria on small parallax
and proper motion errors only remove about 2% of the initial
database, while the error criterion on radial velocities accounts
for the bulk of the removed sources. After applying all these
limits, our final database contains 298 011 sources, 297 265 of
which have valid entries for all three photometric passbands
(G, GBP, GRP). These sources constitute the basis for our anal-
ysis where results and plots presented in this Letter originate in
this database and subsets thereof.

3. Hyades member selection

In order to identify sources associated with the Hyades clus-
ter, we relied primarily on 3D space velocities. To optimize
the extraction process, we transformed the observables into a
cylindrical coordinate system with its origin at the Galactic
center, that is, galactocentric cylindrical coordinates. The rele-
vant spatial coordinates then are (r, φ, z), and they refer to the
galactocentric radius, the position angle, and the height above
the galactic plane, respectively. Following this convention, we
used (vr, vφ, vz) as the corresponding velocities in this coordinate

frame. Naturally, this conversion requires a number of assump-
tions about the solar position and velocity in the Galaxy. These
are listed in Appendix A. All coordinate transformations were
carried out with well-tested functions in the Astropy Python
environment. We note here that we preferred the Galactocen-
tric cylindrical frame because the actual orbit of large extended
structures is expected to show significant curvature in a Cartesian
frame (making the standard Galactic Cartesian velocities UVW
less reliable for the identification of individual members).

Based on the computed velocities, we applied a two-step
source extraction procedure to obtain sources related to the
Hyades. First, we selected all sources within a radius of
2.5 km s−1 around the Galactocentric cylindrical velocity param-
eters of the Hyades: vr = 31.3 km s−1, vφ = 213.0 km s−1, and
vz = 6.2 km s−1. The search radius is motivated by the typi-
cal velocity dispersion of around 1.5 km s−1 for young stellar
systems (e.g., Preibisch & Mamajek 2008; Riedel et al. 2017;
and references therein). Moreover, this characteristic can also
be attributed to localized regions in tidal tails of clusters (and
depending on the distance from the center), disrupting in the
gravitational potential of their host galaxy (e.g., Chumak et al.
2010; Dehnen et al. 2004). Applying these criteria, a total of 415
sources were extracted from the Gaia DR2 database.

Second, we applied a spatial density filter by eliminating all
sources with fewer than three neighbors within 20 pc. We tried
multiple combinations for these two parameters (velocity search
radius and spatial density criterion) where our final choice was
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Fig. 2. Observational HRD for our Hyades member selection. The data
and colors are the same as in Fig. 1. Two PARSEC isochrones are also
shown, and both have a metallicity of Z = 0.02. The top line shows an
age of 100 Myr, and the bottom line 1 Gyr.

mainly motivated by the wish to obtain a reasonably large num-
ber of sources and at the same time very few scattered sources in
the Hertzsprung-Russel diagram (HRD). The final sample con-
sists of 238 sources out of the 415 sources that survived the first
filtering stage1. A short discussion on the completeness of our
sample is included in Appendix B.

We note here that no filtering or cleaning has been per-
formed in any other parameter space (such as colors). Figure 1
shows all sources that were selected by this process in Cartesian
Galactic coordinates centered on the Sun (top row), and also in
Galactocentric cylindrical coordinates (bottom row). Figure C.1
displays the same selection in Equatorial and Galactic coordi-
nates projected onto the sky.

To check the quality of our selection, we plot an obser-
vational HRD in Fig. 2. This figure shows that the selected
sources altogether constitute an almost noiseless main sequence.
Furthermore, we show two PARSEC isochrones (Bressan et al.
2012) for the Hyades metallicity (as in Gaia Collaboration
2018a) that fit our selection very well over a wide range of
magnitudes. We also assessed whether the sequence in the HRD
might be a random draw from the underlying parent distribution.
To this end, we performed a two-dimensional KS test (Peacock
1983)2 to compare the 2D parameter space (GBP−GBP, MG)
for both source selections to randomly drawn subsamples of
the known parent distribution. This comparison was made 100

1 A catalog of selected sources is available via CDS.
2 We used the 2D KS-test Python implementation available at https:
//github.com/syrte/ndtest
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Fig. 3. Hyades member selection in Galactic Cartesian XY coordinates
(i.e., top-down view on the Galactic plane). The data and colors are
the same as in Fig. 1. We also overplot ellipses (3-σ level computed
from the covariance matrix) on the sources as determined for increasing
distances to the cluster center (marked as a black cross). Top panel:
position angle of these ellipses as a function of the distance to the center.
Main panel: approximate contour of the Hyades tidal tails as given in
Chumak et al. (2005).

times, and we found an average p-value of 1.6 × 10−6 for our
Hyades member selection. We also repeated this test with two
randomly drawn samples for which we typically found p-values
of 0.5. These findings therefore strongly suggest that the selected
population is coeval and indeed constitutes a very clean selection
of Hyades cluster members.

Quite remarkably, the selected Hyades members in Fig. 1
show a clearly elongated shape. We obtained an estimate of the
physical extent by computing the 3D covariance matrix of the
Cartesian spatial coordinates of the selected sources (to obtain a
more robust estimate, we also removed the minimum and maxi-
mum value in each dimension before computing the covariance).
The resulting sizes for a 3-σ ellipsoid in Galactic Cartesian coor-
dinates are ∆X = 182.3 pc, ∆Y = 72.3 pc, ∆Z = 23.8 pc. These
numbers confirm the strikingly flat configuration of the Hyades,
where our selection is characterized by a rather extreme axial
ratio of about 8:1. The bottom right panel in Fig. 1 reveals that
the cluster is well aligned with its direction of movement in the
Galaxy, not with the Galactic plane.

4. Hyades tidal tails

In this section we first describe the identification and characteri-
zation of the tidal tails. We then continue with a short discussion
on mass segregation.
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Fig. 4. 3D velocity dispersion as a function of distance from the cluster
center. The velocity dispersion was computed for all sources inside a
given radius. The vertical line marks the tidal radius of 9 pc as given in,
e.g., Ernst et al. (2011).

4.1. Identification and characterization

As mentioned previously, the cluster shows a highly flattened
structure parallel to the Galactic plane with a rather extreme
aspect ratio. However, the XY distribution in Fig. 1 shows
another quite remarkable attribute. Qualitatively, the sources
in the main selection seem to follow a distinct S-shape, with
a central cluster core and warped extended tails. To quantita-
tively describe this effect, we computed the covariance matrix
for subsets of the selection, based on the distance to the appar-
ent center of the cluster. The results are shown in Fig. 3, where
the main panel displays a top-down view (XY) for our Hyades
selection. There, we show a series of 3-σ ellipsoids (derived
from the covariance matrix) for increasing distances from the
cluster center determined as the median coordinate. The position
angles (PA = 0◦ would be an ellipse whose major axis points
toward the Galactic center) of these ellipses are shown in the top
panel as a function of distance from the cluster center. Clearly,
the position angle changes with radius, and a warp of the struc-
ture becomes apparent.

Tohighlight thestrikingsimilaritywith theoreticallypredicted
tidal tails, we also show with red solid lines an approximate extent
of the Hyades tails as given in Chumak et al. (2005). Clearly, all
features point to the conclusion that our selection indeed con-
tains many members from the Hyades tidal tails as all our find-
ings very closely resemble the expected shape of such tails of clus-
ters as they move through the gravitational potential of their host
galaxy (specifically, see Chumak et al. 2005; Röser et al. 2011;
Ernst et al. 2011 for numerical results on the Hyades, but also,
e.g., Dehnen et al. 2004; Chumak et al. 2010 for other represen-
tations of tidal tails). The three outliers seen at X ∼ 30 pc do not
particularly stand out in other parameter combinations (like on
the HRD) and therefore were not removed. Because they do not
fit well into the general expected shape of the tails, it is still likely,
however, that these are contaminating sources.

Another excellent match to theoretical predictions is shown
in Fig. 4. This plot displays the 3D velocity dispersion as a func-
tion of distance from the cluster center. Specifically, we calcu-
lated the 3D velocity dispersion for all members inside the given
distance. As expected from theoretical predictions (Ernst et al.
2011; Röser et al. 2011), the velocity dispersion drops when
moving outward from the cluster core toward the tidal radius and
again increases farther out. The absolute values of the velocity
dispersion also match those quoted in Ernst et al. (2011) well.

According to Ernst et al. (2011), the size of the present-day
tidal tails for the Hyades should have reached a length of ∼800 pc
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Fig. 5. Average GBP−GRP color as a function of distance from the cluster
center. The solid line shows the average and the shaded area the standard
deviation in each bin. The gray dots in the background are our selected
Hyades members. When we interpret the color as a proxy for stellar
mass, no evidence for mass segregation can be found within the limits
of our member selection and sample completeness.

on each side of the cluster. In contrast, in our main selection pro-
cess each of the arms reaches a length of about 100 pc. Most
likely, however, our selection process introduces a bias in this
measurement since the end-to-end velocity dispersion in tidal
tails is expected to be much larger than our search radius. We
also attempted to identify more distant sources in the tidal tail
by relaxing our filter criteria. Specifically, we assessed a selec-
tion in an extended parameter space by increasing the maximum
allowed distance in velocity space to 3.5 km s−1 from the central
velocity coordinate while implementing a subsequent filtering
based on distance to a given isochrone in the color-absolute mag-
nitude space. We experimented with a wide range of parameters
in the filtering setup, but in all cases, most of the added sources
seemed to be randomly distributed. A better identification for
such additional tail members could be achieved by matching a
model of the expected tidal tail for the Hyades to our selection
and then searching only for stars within these spatial limits. This
is beyond the scope of this Letter, however, but would be a most
interesting follow-up study. Moreover, we also expect that the
sensitivity limit for radial velocity measurements in the Gaia
database limits the identification process, as more remote tail
members would be too faint.

4.2. Mass segregation

According to kinetic theory (Binney & Tremaine 1987), more
massive stars in clusters tend to lose kinetic energy to less mas-
sive stars over time, a principle called equipartition of kinetic
energy. As a consequence, massive stars are expected to move
toward the center of a system, while lower-mass stars can more
easily evaporate from a cluster. Thus, we would expect to pref-
erentially find lower-mass sources in tidal tails.

We tested this hypothesis for the Hyades tidal tails by using
the Gaia color index GBP−GRP as a proxy for the stellar mass
(lower-mass, early-type source have redder colors than high-
mass stars). Specifically, we computed the average color in con-
secutive annuli as a function of distance from the presumed
center of the structure in Galactic Cartesian XY coordinates. The
result is shown in Fig. 5, where we illustrate the average color in
steps of 10 pc, oversampled by a factor 2 (annulus size of 20 pc).
No significant change toward red colors with distance from the
central position is visible. Sources in the tidal tails of the Hyades
(most distant from the cluster center) even appear to be slightly
bluer (more massive) on average. We attribute this characteristic
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to sensitivity limitations, however: sources in the tidal tails are
more distant from the Sun, which introduces a selection bias in
spectral type where only intrinsically brighter stars in the tails
have radial velocity measurements. We therefore find no proof
of mass segregation within our current selection limits. However,
as a result of completeness limits (see Appendix B), we highly
encourage a reanalysis of potential mass segregation effects with
later Gaia data releases.

5. Summary

We have used the recent Gaia DR2 database to identify tidal tails
associated with the Hyades cluster. Initially, we applied a series
of quality criteria to the catalog data, and we computed 3D space
velocities in Galactocentric cylindrical coordinates for sources
up to a distance of 200 pc. Hyades members were selected by
applying a 2.5 km s−1 velocity cut around the cluster velocity
and subsequent spatial density filtering. The resulting cluster
members show a distinctly flat arrangement with respect to its
direction of movement in the Galaxy. The largest extent of the
structure measures about 200 pc, but it is only about 25 pc thick.
On the sky, the entire structure spans more than 100 deg. More-
over, the sources constitute a well-defined main sequence in the
observational HRD, confirming the coeval nature and robustness
of our selection.

The spatial arrangement shows a remarkable characteristic:
Two tidal tails extend from the cluster core and form a distinct
S-shape. Moreover, we find an excellent match to previously
published theoretical predictions of the tidal tail shape. The 3D
velocity dispersion also matches these predictions well, with
a decreasing dispersion from the cluster core toward the tidal
radius and a subsequent increase in the tidal tails. An investiga-
tion on predicted mass segregation due to equipartition of kinetic
energy remains unsuccessful. This is most likely due to limits
in sample completeness and our member selection. Finally, an
important contribution for future studies would be an identifi-
cation of further tidal tails associated with other clusters. Such
studies would contribute to our understanding of the evolution
of young stellar systems in Galactic tidal fields and also increase
our understanding of the poorly constrained Galactic gravita-
tional potential on the plane of the Galaxy.
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Appendix A: Coordinate system definitions

The following list summarizes our parameter setup for the cal-
culation of Galactocentric cylindrical velocities.

– vR; radial velocity component. Positive when moving toward
the Galactic center.

– vφ; tangential velocity component. Positive in the direction
of Galactic rotation.

– vZ ; vertical velocity component. Positive toward the Galactic
North Pole.

– r0 = 8300 pc; distance from vantage point to the Galactic
center (Gillessen et al. 2009).

– φ0 = 180 deg; position angle of the Sun in Galactocentric
cylindrical coordinates.

– z0 = 27 pc; height of the Sun above the Galactic plane toward
the Galactic North Pole (Chen et al. 2001).

– v0 = 220 km s−1; circular velocity at r0 (Kerr & Lynden-Bell
1986).

– (U,V,W)solar = (11.1, 12.24, 7.25) km s−1; barycentric veloc-
ity of the Sun relative to the local standard of rest
(Schönrich et al. 2010).

Appendix B: Completeness
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Fig. B.1. Mass spectrum of our Hyades member selection. Left panel:
histogram of the derived masses, where the blue bars show our selec-
tion. The red histogram was constructed with data from Röser et al.
(2011). Right panel: observational HRD with data color-coded by mass.
The isochrones are the same as in Fig. 2.

To investigate the completeness of our sample, we derived the
mass spectrum for our selection by applying a nearest-neighbor
interpolation on the 1 Gyr, Z = 0.02 PARSEC isochrone. The
full mass spectrum of our selection is shown in Fig. B.1 and
covers a range from about 0.5 M� to 1.5 M�. In this figure,
we also show the mass spectrum for the data published by

Röser et al. (2011). The authors quote an approximate sensitivity
limit of about 0.25 M�, which is marked as a vertical dashed line.
Comparing the masses derived by Röser et al. (2011) and our
isochrone interpolation for matching sources, we find a differ-
ence of 0.0±0.18 M� and therefore no systematic bias. The mass
spectrum in the left plot in Fig. B.1 clearly shows that our selec-
tion suffers from incompleteness across all mass ranges, where
we both miss the most massive members, as well as stars with
masses below ∼0.5 M�.

Appendix C: All-sky distribution
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Fig. C.1. Source positions for Hyades cluster members as determined in
this Letter shown in Equatorial (top panel) and Galactic (bottom panel)
coordinates. The blue points are our final member selection, the gray
dots in the background refer to all sources. In total, the entire structure
spans a size of more than 100 deg on the sky.

Figure C.1 shows our Hyades selection as projected onto the
sky. The top panel shows Equatorial coordinates, and the bottom
panel presents Galactic coordinates.
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